We have determined the nucleotide sequences of thirteen rat mt tRNA genes. The features of the primary and secondary structures of these tRNAs show that those for Gin, Ser, and f-Met resemble, while those for Lys, Cys, and Trp depart strikingly from the universal type. The remainder are slightly abnormal. Among many mammalian mt DNA sequences, those of mt tRNA genes are highly conserved, thus suggesting for those genes an additional, perhaps regulatory, function. A simple evolutionary relationship between the tRNAs of animal mitochondria and those of eukaryotic cytoplasm, of lower eukaryotic mitochondria or of prokaryotes, is not evident owing to the extreme divergence of the tRNA sequences in the two groups. However, a slightly higher homology does exist between a few animal mt tRNAs and those from prokaryotes or from lower eukaryotic mi tochondria.
INTRODUCTION
The complete nucleotide sequences of the mitochondrial (mt ) genomes from human, bovine and mouse, recently determined (1-3) have confirmed the presence of 22 genes for tRNA in the mammalian mt genome. These genes are scattered along the circular molecule, fourteen being localized on the heavy strand and eight on the light strand. Accordina to the punctuation model put forward by Attardi (4), the mRNA genes are adjacent to tRNA genes in such a way that the recognition of the tRNA cloverleaf structures by processing enzymes like RNAse P (5) should give rise to discrete RNA species from a single transcript. Besides this punctuation role, the animal mt tRNAs have structural anomalies to such an extent that they may be considered a separate class of tRNA molecules. Indeed, in most of them, many of the constant features of other tRNAs (6) are absent, e.g., the sequence G lg G in the D-loop (numbering according to Kim et al (7)), the sequence Tg^CPu in the T loop, and many of the usually invariant nucleotides. The most dramatic case is Ser the tRNA. GY that completely lacks the D-loop and that, in addition, cannot form a cloverleaf structure(8-9).
In the course of our studies on the sequence of the mt genome of rat, we have completed the sequences of several genes for tRNA. The sequences of thirteen mt tRNAs are here reported and, together with the sequences of the rat mt tRNAs previously published by us (10) or by others (11) ++ , we have compared them to homologous sequences from prokaryotes, from eukaryotic cytoplasm and from lower eukaryotic mitochondria by using a suitable computer program. These studies have permitted us to establish some features common to mt tRNAs from mammals. In addition, they provide the basis for studying the evolutionary relatedness of the animal mt tRNAs to homologous species.
MATERIALS AND METHODS
DNA sequencing: In order to determine the sequence of the rat mitochondria! genome, we have used DNA fragments Eco RI B, C, and D cloned in pSF2124 and Hind III B cloned in pBR 322 (13). The plasmid DNA, purified by CsCl-ethidiurn bromide centrifugation, was digested with Eco RI and Hind III. The mitochondrial inserts were gel purified and the DNA sequence was determined by using the method of Maxam and Gilbert (14) . The DNA fragments were first digested with a restriction enzyme, then phosphorylated with C jr PJ ATP and polynucl eotide kinase and finally digested with another restriction enzyme, or strand separated. In such a way, a population of fragments ready for the Maxam and Gilbert degradation reaction was obtained. The cleavage products were separated on 20%, 10%, and 8% polyacrylamide gels sequence and many of the invariant nucleotides. The other tRNAs can be considered somewhat abnormal; they have a rather regular secondary structure but depart from the other tRNAs in that they lack many invariant nucleotides and, in some cases, also the TTC sequence. It is well known that the tertiary structure envisaged for the non-mt tRNAs involves interactions among bases that are in the poiynucleotide sequences of all tRNAs (7). Since mt tRNAs often contain sequences that depart somewhat from the sequences common to other tRNAs, particularly in the D and T loops, it is quite likely that these differences are associated with a tertiary structure slightly different from that of their nonmt counterparts. However, very little is known about the minor bases of mt RNAs and therefore any prediction about the possible base-base interactions in these molecules is premature.
The comparison of the secondary structures of homologous mt tRNA species from mammals reveals a rather high variability in the D-loop, T loop and extra arm. For the other parts of the molecule, by considering the nucleotide sequence homology, we have found that the order of conserved regions (in order of decreasing conservation), is the following: anticodon arm, D-stem, T stem. The amino acid stem is the region least conserved with a great deal of mismatching. In the case of tRNA ys , the 
The mt tRNA genes from rat and other mammals were aligned and the homology was determined considering either the entire sequence or the invariable parts only (values in parentheses). The percent of homology has been determined dividing the number of bases identical by the length of the rat tRNA gene. For rat mt tRNAs which are not presented in this paper, see ref.10-.ll.
D-stem contains only 3 bp.
In Table I , the homology of the rat mt tRNAs to the corresponding tRNAs from the mouse, bovine and human cell is reported. The comparison has been done both on the entire sequence and with the hypervariabie regions (D loop, T loop and extra arm) excluded; the three anticodon nucleotides, which are the same in corresponding tRNAs of different mammals, have been also excluded. This latter criterion used also by others (17) allows to compare the molecules independently of their length excluding also a part which is for all identical. With this Table I clearly demonstrate a very high homology among mt tRNAs from mammals, the extent of which is generally not lower than 70% (63% only in the case of the tRNA for cysteine). As expected, the greatest homology is between rat/mouse (90%): it is, however, difficult to establish a general priority between rat/bovine (79%) and rat/human (79%) (This values represent the average homology of the tRNAs reported in Table) . Some of the mt tRNA genes like that for F-met, Arg, Ser, Tyr and Ala appear to be highly conserved particularly between rat/mouse, and rat/bovine; for the others the degree of divergence is higher. This indicates that some mt tRNA genes have higher functional constraints than others and suggests that some tRNAs could have an additional, probably regulatory, role. In accord with the model of Attardi (4), these species could have a peculiar role during the processing of the primary transcript.
When the mt tRNAs from rat are compared with the sequences of other non-mt tRNA species and also with the mt tRNAs from lower eukaryotes (Table II) , we found that the pattern of homology change depending upon the type of tRNA. Those mt tRNAs that have a structure close to that of the universal tRNAs are more homologous to E. coli tRNA. However, the degree ofhomology of mammalian mt tRNAs with non-mt species is generally very low (between 30% and 50%). The divergence in base pairs greatly exceeds that among non-mitochondrial counterparts (eukaryoticeukaryotic, prokaryotic-prokaryotic or eukaryotic-prokaryotic) making it virtually impossible for us or others (17) to integrate the mitochondrial sequences into existing tRNA evolutionary trees or to construct new trees. Owing to this extreme divergence of primary structures, the mt tRNA species were assigned to a separated branch whose evolutionary relationship with other species cannot be easily established at this time. If the degree of homology is calculated excluding the hypervariable regions, as in Table I , the results (not shown) do not change significantly, suggesting a random evolution of the different regions of the molecules. Taking all the results together, a greater homology is observed among prokaryotic or mt tRNA species than among cytopiasmic ones.
The position of mitochondria in the evolutionary tree is, at present, a matter of speculation and some controversy. According to the endosymbiotic theory of mitochondrial biogenesis, mitochondria are derived from bacteria which became associated with primitive eukaryotic cells by endosymbiotic events. On the other hand, the recent discoveries of the very peculiar properties and organization of the mt genetic system argues, according to some authors (18), against such a theory, rather suggesting an independent origin and evolution for the mitochondria. Schwartz The different organization of mitochondrial genomes in different kingdoms (low eukaryotes, animal cells and probably also plants) could be explained by an independent invasion of different bacteria into already diverged prokaryotic precursors of animal and fungal cells (19) (20) . However it might also be speculated that an important but unknown evolutionary event took place at the branching point of animals, generating conditions (e.g. a lower dependence upon the nucleus) favourable to an extreme divergence and a faster evolution of the mt genome. Such a genome might well evolve along its own special path, independent and different from the pathway of other mitochondria. The large extent of such divergence would serve to obscure the primitive origin of the animal mitochondrial genome. of the GNCB -Unita di Ban" of CNR.
+ Non standard abbreviations: mt: mitochondria!; bp: basepair(s). ++ After the completion of this manuscript, the paper of Grosskopf and Feldmann (12) came to our attention in which the sequence of five tRNA gene (for Lys, Asp, Sery CN , Gin, Arg) is reported. We note only a very few minor differences which do not alter our conclusion in any way.
